Abstract: High-speed modulation results and analysis of hybrid silicon evanescent lasers is described. It should be possible to achieve a 3dB-bandwidth over 50 GHz and a data rate of 50 Gbit/s.
Introduction
The optical transmitter is one of the most important components of any optical communication system. Currently commercial transmitters are mostly based on III-V components. In recent years, silicon photonics has received a lot of interest because of the potential for low-cost optoelectronic solutions due to its compatibility with CMOS. However, silicon has an indirect bandgap, and is a poor light emitter. This has been the major problem for the realization of an electrically pumped Si-based laser, which is one of the key elements for transmitters.
Recently a hybrid structure combining III-V quantum-well and silicon optical waveguides has been demonstrated as a solution for electrically pumped Si-based lasers, which has many good properties, including cw lasing up to 105 C, cw output powers up to 30 mW, and mode locking at 40 Gbit/s [1] . The hybrid III-V silicon evanescent structure is comprised of a III-V quantum-well region bonded to silicon-on-insulator (SOI) wafer. The optical waveguide is defined by two trenches at the Si layer. In this way, the hybrid structure behaves like an inverse ridge waveguide. Because the III-V region is a slab, the bonding is self-aligned and no alignment step is needed for the bonding between the III-V layer and the silicon waveguide. The electrically pumped gain for the optical mode comes from the III-V active region since the optical mode of the hybrid structure overlaps both the III-V material and the silicon waveguide. Such a hybrid platform is very good for realizing various Si-based active components, including lasers, amplifiers, modulators and photodetectors, which have been realized in recent years.
For optical transmitters, on the other hand, it is also desirable to have high-speed modulation in addition to a laser. A simple way is to directly modulate the inject pump current of lasers [2] . Recently we measured the characteristics of directly-modulated hybrid Si evanescent lasers. Fig. 1(a) shows the frequency response of the laser under small signal modulation (-10 dBm). The inset in Fig. 1(a) shows the resonance frequency versus the square root of DC inject current above threshold. One sees there is a roughly linear dependence as expected. The 3dB bandwidth at 105 mA is about 2.5 GHz. Fig. 1(b) shows the measured eye diagrams for the directly modulated laser with a bit rate of 2.5 Gb/s. The corresponding DC-current is105 mA and the extinction ratio (ER) is about 8.7 dB. With a higher injection current, higher speed modulation is possible, 4 Gb/s when I=135 mA (see Fig. 1(c) ). However, the ER is relatively low (~ 5.5 dB). From these measurement results, one sees that directly modulating the injection current has a limited speed (usually <10 GHz). Furthermore, there is a significant wavelength chirp, which limits the transmission distance in optical fibers. a199_1.pdf
IMC1.pdf
High-speed external modulators have been demonstrated to extend the modulation rate and transmission distance. It is also possible to realize a high-speed Si-based modulator by using electric-field-induced carrier depletion in Si waveguides with a reverse biased PN junction. Carrier depletion introduces a fast refractive index modulation according to the free carrier plasma dispersion effect. On basis of this principle, Liu et al. have demonstrated a Si-based MZI modulator for data transmission up to 40 Gb/s (see Fig. 2 ) [3] by combining a travelling-wave design to have co-propagation of electrical and optical signals along the waveguide. However, the length of the MZI modulator is millimeters. [3] .
We have investigated direct modulation to achieve a compact transmitter with relatively simple integration. In this paper, we propose a high speed modulation for hybrid silicon evanescent lasers by modulating the photon lifetime τ p . In this way of lifetime-modulation, it is possible to achieve a high-speed modulation as well as low chirp.
Theory and Structure
There are several ways to modify the photon lifetime τ p in a laser, i.e., by changing the group velocity v g , the cavity length l, the feedback coefficient R, and the distributed loss α. Among these approaches, two simple and effective ways are modifying the distribution loss α and the feedback coefficient R. For the case of hybrid III-V silicon evanescent lasers, here we present two ways corresponding to modifying α and R. Fig. 3 (a) shows the cross section structure of a τ p -modulated hybrid IIIV-Si evanescent laser by modifying the distributed loss α. In this structure, there two sets of PN junctions. The PN junction at the IIIV mesa is to provide an electrical pump to the gain section. The PN junction at the two sides of the SOI ridge is used to provide a modulation signal by depleting the carrier density in the SOI ridge region. With such a structure, it is possible to obtain a high-speed hybrid laser modulator based on the microring cavity or FP cavity. Fig. 3 (b) shows the schematic configuration for another way of lifetime modulation by using a microring cavity with a feedback line. Here the microring provides a gain, which is the similar as that used in a regular microring laser. By modifying the phase delay or the amplitude of the feedback lightwave, the feedback coefficient R is modified and consequently a τ p -modulation is obtained. Such a structure could be used not only for hybrid III-V Si platform but also other platforms such as standard InGaAsP lasers. (a) (b) Fig. 3. (a) The waveguide structure for a τ p -modulated laser by modifying α; (b) the structure of microring cavity for a τ p -modulated laser by modifying the feedback coefficient R.
Results and discussions
In this section we present some calculation results for our τ p -modulated lasers. By using small-signal modeling, we calculate the frequency responses with different values of ε for the cases of I=5 I th and I =10I th (see Fig. 4 ). One a199_1.pdf IMC1.pdf sees that it should be possible to have a high bandwidth (>100GHz). The 3dB-bandwidth as the square root of the current above the threshold is given in Fig. 5(a) . We also show the result for the conventional direct I-modulated laser in the same figure to give a comparison. From this figure, one sees that the 3dB-bandwidth (over 100 GHz) for the τ p -modulated laser is much higher than that that for the case of I-modulation (<10 GHz). With the numerical simulation for the response at the time domain, we obtain a simulated eye-diagram for the present τ p -modulated laser. For this calculation, the photon lifetime has a Gaussian-type pulse modulation with a bit rate of 50 Gb/s. We choose τ p_on =1.073ps and τ p_off =1.788ps for the on-and off-states, respectively and the injection current is kept constant (I 0 =0.15A). From this figure, one sees the eye is open for operation at 50 Gb/s. It may be possible to have higher bit rate according to the 3dB bandwidth shown in Fig. 5 (a) . In order to give a comparison, we also show the eyediagram for the conventional I-modulated laser with a bit rate of 10Gb/s. The currents for the on-and off-states are chosen as I on =0.15A, and I off =0.05A, respectively. The simulation result shows that it is possible to achieve a data rate of several Gbps. However, the eye-diagram becomes closed for a relative high bit rate (e.g., 10 Gb/s, see Fig. 5  (b) ). 
Conclusion
In this paper we have proposed two novel designs to realize high speed lifetime-modulated hybrid silicon evanescent lasers by modulating the distribution loss α or the feedback coefficient R. According to the small signal modeling, we have given an analysis for the modulation response at the frequency domain. The results have shown that it is possible to achieve a 3dB-bandwidth of over 100 GHz in the present way of τ p -modulation. We have also presented a numerical simulation for the time-domain response and given an example with a good eye-diagram for the data rate up to 50 GHz.
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